We use museum and other collection records to document large and extraordinarily rapid changes in the ranges and relative abundance of nine species of mammals in the northern Great Lakes region (white-footed mice, woodland deer mice, southern red-backed voles, woodland jumping mice, eastern chipmunks, least chipmunks, southern flying squirrels, northern flying squirrels, common opossums). These species reach either the southern or the northern limit of their distributions in this region. Changes consistently reflect increases in species of primarily southern distribution (white-footed mice, eastern chipmunks, southern flying squirrels, common opossums) and declines by northern species (woodland deer mice, southern red-backed voles, woodland jumping mice, least chipmunks, northern flying squirrels). White-footed mice and southern flying squirrels have extended their ranges over 225 km since 1980, and at particularly well-studied sites in Michigan's Upper Peninsula, small mammal assemblages have shifted from numerical domination by northern species to domination by southern species. Repeated resampling at some sites suggests that southern species are replacing northern ones rather than simply being added to the fauna. Observed changes are consistent with predictions from climatic warming but not with predictions based on recovery from logging or changes in human populations. Because of the abundance of these focal species (the eight rodent species make up 96.5% of capture records of all forest-dwelling rodents in the region and 70% of capture records of all forest-dwelling small mammals) and the dominating ecological roles they play, these changes substantially affect the composition and structure of forest communities. They also provide an unusually clear example of change that is likely to be the result of climatic warming in communities that are experienced by large numbers of people.
Introduction
Accounts of biotic effects of recent climate change have increased dramatically in the last few years (e.g. Parmesan et al., 1999; Thomas & Lennon, 1999; McCarty, 2001; Parmesan & Yohe, 2003; Root et al., 2003; Parmesan, 2006; Rosenzweig et al., 2007 Rosenzweig et al., , 2008 Moritz et al., 2008) . Most studies report changes in phenology; relatively few examine distributions, and most of those that do so are limited to changes in local patterns (Parmesan, 2006) . Most are further restricted to change involving single species; studies that characterize assemblages of organisms are rare (but for notable exceptions involving communities of terrestrial animals, see Wilson et al., 2007; González-Megías et al., 2008; Moritz et al., 2008) . Further, examples of distributional changes by mammals are particularly uncommon, and those that have been published usually involve single species living in extreme or remote environments (e.g. polar bears in the arctic, Stirling & Parkinson, 2006 ; foxes or voles in northernmost Europe, Selas & Vik, 2006; Hornfeldt, 2004 ; pikas on mountains in the Great Basin; Beever et al., 2003) . Consequently, while climatic warming is now widely recognized, its biotic effects often seem remote because accounts of change affecting plant or animal communities across broad regions inhabited by large numbers of people are rare.
Here, we report the discovery of widespread modifications in the distribution and relative abundance of the small mammal species that dominate forest communities in the northern Great Lakes region of the United States, an area that has experienced substantial warming during the late 20th century (e.g. Assel & Robertson, 1995; Myers et al., 2005; Austin & Colman, 2007; Field et al., 2007) . Changes consistently reflect the appearance and/or increasing domination of species whose historical ranges lie mainly to the south of the northern Great Lakes region and the simultaneous waning of northern species. The species involved include several that are very familiar to residents of the eastern and mid-western US. The ecological significance of these changes is unclear, but because some of the commonest species of the region are involved, it is potentially substantial.
The Great Lakes region encompasses a transition between northern boreal forests and more southern associations (eastern oak-hickory woodland, oak savannas, prairie). Over half of the approximately 80 native species of mammals reach their southern or northern distributional limits in the area (Hall, 1981; Baker, 1983; Kurta, 1995) . In this study, we focus on the distribution and/or abundance of eight of the most common woodland rodents. This assemblage includes three species whose ranges are mainly to the south of the northern Great Lakes (white-footed mice, Peromyscus leucopus; eastern chipmunks, Tamias striatus; southern flying squirrels, Glaucomys volans) and five whose ranges are mainly northern (woodland deer mice, Peromyscus maniculatus gracilis; southern red-backed voles, Myodes gapperi; woodland jumping mice, Napaeozapus insignis; northern flying squirrels, Glaucomys sabrinus; least chipmunks, Tamias minimus). We also report on the distribution of common opossums (Didelphis virginiana), a southern species not known from the northern Great Lakes region until the second half of the 20th century.
The discovery of this restructuring of small mammal communities relied heavily on collections of specimens and notes in research museums, a source of information that has been underutilized in examining the consequences of climate change (Sparks, 2007) . This approach was possible because this region, especially the state of Michigan where our efforts were focused, has been sampled intensively for over 100 years. Before these records could be incorporated into analyses of community composition and faunal change, however, they required considerable scrutiny and 'data cleaning' (Chapman, 2005a) . We explore the implications of this process and of some types of bias inherent in these records.
Materials and methods

Species included
We chose this assemblage of eight species of small forest rodents (SFRs) for four reasons. First, each species reaches a distributional limit within or close to the northern Great Lakes region. Second, each is commonly captured by the techniques most widely used by collectors. Records of other species are available but were acquired through the use of trapping or hunting techniques that have not been employed consistently across the 150 years of collecting in this region (e.g. firearms and large traps are seldom used in recent collections, and mist nets for the capture of bats did not become available until the last half of the 20th century). Third, we focused on woodland species because trapping since 1980 has concentrated heavily on forest habitats, and consequently their record is stronger than that of mammal assemblages in other habitats. Fourth, these species are relatively common and frequently captured, often in the same trap-lines. We did not consider a few species that are extremely rare in the region (e.g. woodland voles, Microtus pinetorum) or that seldom enter woodlands (southern bog lemmings, Synaptomys cooperi; meadow voles, Microtus pennsylvanicus; grassland jumping mice, Zapus hudsonius).
Additionally, we report widespread changes in the distribution of common opossums. Opossums are a southern species whose range has extended gradually northwards since the early 20th century (Gardner & Sunquist, 2003) .
Data sources
Records from 1978 to 2008 came primarily from extensive live-trap sampling by field crews from the University of Michigan, Michigan State University, and Miami University. The purpose of these surveys was to document the current distribution and relative abundance of species of small mammals, and all captures were recorded. In almost all cases localities are believed to be accurate to within o500 m (Appendix A). Questionable species identifications were confirmed using molecular techniques (Appendix A). When identifications could not be confirmed, animals not readily identified using field characters were eliminated from the analysis (64 out of 10 273 Peromyscus and 11 out of 293 Glaucomys were deleted).
Recent opossum records were based on field observations and especially, records of road-killed animals made from 2006-present. Coordinates of road-killed animals were recorded using a GPS unit.
Most records before 1978 came from the specimens and field notes housed in the University of Michigan Museum of Zoology and the Michigan State University Museum. Additional specimen records were obtained from the MaNIS network http://www.manisnet.org (Appendix A). Error in estimating locality coordinates varied widely (Appendix A). We examined the estimated error associated with the coordinates of each specimen with the intent of eliminating records whose error overlapped either previously reported range limits or boundaries of the geographic regions on which comparisons of community composition are based (Appendix A). A few records were not mapped because their estimated errors were extremely large, but in every case specimens were unambiguously assignable to one of the geographic regions of the study. For some critical records with uncertain localities, we were able to reduce estimated error considerably by referring to field notes and/or published descriptions of collecting expeditions.
We examined and verified the identifications of all museum specimens that suggested significant changes in distribution.
A few records were also provided by individual collectors or taken from published papers. In most cases they involve unexpected findings, usually occurrences outside of the normal range of a species (e.g. Ozoga & Verme, 1966; Haveman, 1976; Stormer & Sloane, 1976; Wells-Gosling, 1982) . These records provide documentation of range expansion and are included below in maps and calculation of range change, but as no information was usually provided on what other species were trapped, these records were excluded from analyses of faunal composition.
Regions included
Published range maps of species of mammals in Michigan suggest a transition between a fauna associated with the oak hickory woodlands and savannas typical of the southern part of the state, and a northern fauna associated with northern hardwood and coniferous forests (Hall, 1981; Baker, 1983) . At the time these maps were compiled, northern and southern faunas met in the middle of the Lower Peninsula, in a region ('tension zone') that is characterized by differences in soils and a transition from a more southern to a more boreal flora ( Fig. 1 ; Medley & Harman, 1987) . Our focus is on changes concentrated to the north of this zone, and consequently we restricted our attention to records north of 441N latitude (Fig. 1). A number of islands are found in Lakes Michigan, Superior, and Huron. Many are inhabited by small mammals, and extensive collection records are available for some. These islands have little or no opportunity to receive immigrants from the mainland, and the composition of their fauna likely reflects the species present when the islands were isolated by rising water as the lakes first formed, nearly 10 000 years ago. Records from islands separated from the mainland by at least 10 km (Beaver, High, Hog, Timm's, Squaw, Whiskey, Trout, Gull, Garden, N and S Manitou, N and S Fox, Bois Blanc, Isle Royale) were not considered in this analysis. Further, we eliminated four sites in the northern Lower Peninsula, because since 1978 they were visited repeatedly, often several times a year, to obtain specimens or to follow the populations of particular species. Including them would have strongly biased the analyses in the direction of conditions at those sites, and for inferences concerning regional community composition, would represent a form of pseudoreplication (Hurlbert, 1984) . These sites (and the area each encompasses) are as follows ( Fig. 1 
Huron mountains
Repeated collections made at a few sites in the Huron Mountains are especially informative. The Huron Mountains are a series of low granitic hills (maximum elevation 600 m) near the Lake Superior shoreline in the central Upper Peninsula of Michigan (Fig. 1) . Approximately 7300 ha are owned by a private association, the Huron Mountain Club, whose members support research on their property through the Huron Mountain Wildlife Foundation. This area includes a 2600 ha Nature Research Area of primary (never logged) forest. The Huron Mountain Wildlife Foundation has funded three surveys of the mammals of the region. The first, a comprehensive survey of vertebrates by Richard Manville, was carried out from autumn 1939 through summer 1942 (Manville, 1947 (Manville, , 1949 . To sample small mammal populations, Manville set up eight quadrats chosen to represent the habitats of the region. Each quadrat comprised an 11 Â 11 trapping grid (30 ft between traps). Manville used live traps and trapped for five consecutive days four times over the course of the study. He deposited extensive series of voucher specimens in the collections of the University of Michigan Museum of Zoology, and we have confirmed his identifications of Peromyscus. In 1972 -1973 Laundre also conducted small mammal censuses in the Huron Mountains, trapping at or near the same locations as Manville and using similar techniques (Laundre, 1975 
Time periods
Preliminary examination of maps and capture records suggested that for small mammals, change in distributional patterns accelerated during the late 20th century. While these preliminary results also suggested some differences among species in the timing of change, to simplify comparisons of SFR assemblages we arbitrarily chose to compare collections made from 1883 (when the first records were obtained) through 1980 with those made from 1981 to the present.
Data analysis
A total of 14 076 records of the eight focal species of SFRs from north of 441N latitude were used in the analyses reported below. Of these, 4808 came from museum catalogues and records taken from the literature, and 9268 from our sampling. These records include 4099 captures from 564 localities recorded during the period 1883-1980, and 9977 captures from 591 localities from 1981 to 2007. The focal SFRs make up 96.5% of all captures of forest-dwelling rodents (including tree squirrels and rare species) and 70% of all captures of forest-dwelling small mammals (including the above species plus shrews and moles). For opossums, we included 94 capture records from MaNIS, 163 records from a survey of road-killed animals carried out in 1968 (Brocke, 1970) , and 281 records from a similar survey done in 2006-2008. Range shifts were discovered by visual inspection of trapping records. If changes in range are due to climatic warming, they should be in the direction of species of southern affiliation moving into regions previously occupied by species of northern affiliation. In the Lower Peninsula populations affected by climatic warming will move northward, while in the Upper Peninsula, movement will be constrained by geography to northward and eastward.
Documenting changes in abundance is complex. Discovering that fewer specimens of a particular species were trapped at one time compared with another appears to suggest a change in abundance, but it may simply result from fewer traps being set during the later period. Unfortunately, trapping effort (the number of traps set in obtaining a sample at a locality) is seldom known for collections before 1980. We therefore compared communities in two ways. We calculated the abundance of each species relative to other SFRs as (number of species A captured)/(total number of SFRs captured). We refer to this value as the 'relative abundance' of a species. We grouped collections geographically according to their origin (Upper vs. northern Lower Peninsula, Fig. 1 ) and for each region, compared the relative abundance of SFRs in collections made before and after 1980. Significance of difference was tested using w 2 -analyses, where the expected value for species A was calculated as (number of species A captured) Â (total number of SFRs captured in that interval)/(total number of SFRs captured). This method assumes that collectors report all captures or that the number of specimens of a species preserved is in proportion to the number of individuals captured. Even if this is not the case, collectors may preserve or report at least a few specimens of each species (especially when the object of collecting is determining the species present in a local fauna, as was often the case in the oldest and most recent collections, Appendix A). If so, examining occurrence data for each collection -whether a species is detected at all at a locality during a particular time period -may reveal changes that might otherwise be hidden. To simplify tabulating data, we defined a 'collection' to be an aggregate of records from one locality taken during a single year. This was the work of a single collector in almost all instances in the dataset of specimen records used here. We restricted our attention to collections that included 10 or more specimens of SFRs, and for each collection we determined whether any individual of each species of SFR was reported. Collections were grouped geographically (northern Lower Peninsula vs. Upper Peninsula) and by the year of the collection (before or after 1980). Using contingency tables, we then asked, for each region and species, if the probability of occurrence of each species in a collection was independent of time period, and if not, if changes in occurrence reflected the same pattern as that suggested by the analysis of relative abundance. Significance of differences between expected and observed values was calculated using Fisher's exact tests (two-sided).
The surveys in the Huron Mountains give us an unusual opportunity to make quantitative comparisons of the small mammal populations of the region over 65 years. Because, however, the sampling period was 5 days in 1939-1942 vs. 3 days in 2004-2005 , the total numbers of each species captured are not directly comparable, and consequently we base comparisons on the percent contribution of each species to the total number of forest rodents captured (Data analysis). Too few localities have been sampled within the Huron Mountains for occurrence analyses to be informative.
Climate change
To determine if significant changes in temperature have occurred, we downloaded maximum and minimum daily temperatures from the National Climate Data Center, http://www.ncdc.noaa.gov (site accessed in September, 2008) for 16 weather stations. We chose stations in the Upper Peninsula, where change in the SFR community has been especially striking. Because the collection data suggested that most change in Upper Peninsula SFR assemblages has been concentrated in the late 20th century, we focused on the years 1970-2007 and calculated monthly averages for minimum and maximum daily temperatures for each year for each station and for the region as a whole. Data for most sites included many missing records; only months with at least 25 days of measurements were included. Yearly averages were calculated from monthly averages, eliminating years with missing months.
Maps
Maps were prepared using IMAP version 3.5 by BIOVOLU-TION. The base map of Michigan was obtained courtesy of the US Geological Survey (http://walrus.wr.usgs. gov/infobank/).
Results
SFRs
P. leucopus range. These mice are broadly distributed across the eastern and central United States (Hall, 1981) . In Michigan, the earliest range map (Osgood, 1909) shows their northern limit transecting the northern Lower Peninsula, but museum specimens from 1909 suggest that by then white-footed mice already occupied the northernmost parts of the peninsula. Currently, they are common or abundant in appropriate habitat throughout the Lower Peninsula. In the Upper Peninsula, whitefooted mice were absent or rare before 1981 except in the southernmost county, Menominee ( Fig. 1) , where their record of occurrence began in 1939 with the first collections made there (early reports of two individuals captured in the eastern Upper Peninsula are discussed below). Trapping by S. Meagher in the early 1990s (specimens and field notes in the University of Michigan Museum of Zoology) resulted in the discovery of a population of this species 70 km northeast of Menominee localities. In 1999, a small number of whitefooted mice were discovered an additional 50 km to the northeast on the western side of the Seney National Wildlife Refuge, and over the next 4 years they extended their distribution 25 km to the eastern side of the Refuge (documented by yearly trapping). In 2004, two populations were located in the eastern Upper Peninsula near St Ignace, a total expansion of 225 km eastward. During this interval, we sampled at many additional sites in the eastern Upper Peninsula without finding white-footed mice. In 2004, a population was discovered in the Hiawatha National Forest north of St Ignace, and by 2006, white-footed mice were the commonest mammals recorded at some sites in the eastern Upper Peninsula and along the Lake Superior shoreline. Over the same period , populations were also discovered in the central and western Upper Peninsula (Fig. 2, top) . Long (1996) reported similar northward range expansion during the 1970s in neighboring Wisconsin.
Abundance and occurrence. Members of this species dominate small mammal assemblages throughout much of their range. In Michigan, their abundance in the northern Lower Peninsula has increased strikingly since the beginning of the 20th century. Before 1981 they comprised 38.3% of all SFR captures and appeared in 66.7% (14 out of 21) of collections of SFRs of over 10 specimens (Tables 1a and 2a ). After 1981 they accounted for 77.7% of captures and occurred in 100% of collections (see also Myers et al., 2005) .
In the Upper Peninsula, before 1981 this species accounted for only 2.6% of SFR captures and was found at only 10.1% of sites sampled (Tables 1b and  2b ). Between 1981 and present, white-footed mice increased to represent 15.7% of small forest mammals collected, and they were reported from 50% of collections of over 10 SFRs. In the Huron Mountains, white-footed mice were not found during extensive surveys carried out in 1940 -1942 and 1970 -1971 (Manville, 1949 Laundre, 1975) , but they were abundant in most forest (Table 1c ; Poor, 2005) , accounting for 35.5% of SFR captures.
P. maniculatus gracilis range. While mapping of localities in the northern Lower Peninsula suggests that neither the latitudinal nor the longitudinal range of woodland deer mice has changed appreciably ( Fig. 2, bottom) , this species now appears to be restricted to a few widely scattered populations. Despite widespread sampling throughout the region (Appendix A), over 80% (150 out of 181) of captures of this species since 1981 were from one small (24 km Â 34 km) area in the north-central part of the Lower Peninsula. This is in sharp contrast to earlier records from the Lower Peninsula (243 captures), which were widely distributed.
Abundance and occurrence. In the northern Lower Peninsula, woodland deer mice have declined almost five-fold in relative abundance, from 28% of forest rodent captures to 5.9% before and after 1981 (Table 1a ; see also Myers et al., 2005) . In fact, a goal of many recent collecting efforts has been to locate populations of this declining species. Collectors have concentrated on appropriate habitat, so the latter figure (5.9%) may be inflated. The frequency of collections containing deer mice has declined as well; before 1981 they were recorded in 71.4% of collections; after, in only 26.3% (Table 2a) . Woodland deer mice remain common in the Upper Peninsula, where their relative abundance in 
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r 2009 Blackwell Publishing Ltd, Global Change Biology, 15, 1434-1454 collections has actually increased and the frequency of finding them in collections has not changed appreciably (Tables 1b and 2b ). In the focused collecting in the Huron Mountains, however, where the same sites were sampled in 1940-1942 and 2003-2005 , the contribution of deer mice to SFR communities declined sharply from 65.6% to 35.8% of captures (Table 1c ; Poor, 2005) .
G. volans range. In the Lower Peninsula, before 1981 most of the 140 capture records of southern flying squirrels in Michigan were concentrated south of 441N latitude (Wells-Gosling, 1982; Skillen, 2005) ; only three records are available from 4441N. In the years following 1981, southern flying squirrels have occupied the entire Lower Peninsula (Fig. 3, top) . In the Upper Peninsula, southern flying squirrels have expanded their range eastward, probably beginning earlier than white-footed mice (WellsGosling, 1982) . Southern flying squirrels were first reported from the southern Upper Peninsula in 1939 in the first collections made in Menominee Co. Small populations were next discovered in the cities of Marquette and Houghton in the late 1960s and early 1970s (summarized by Wells-Gosling, 1982) . WellsGosling suggested that these populations might have been founded by escaped pets, but reports of southern flying squirrels in a wilderness area (Crider, 1979) and in the Huron Mountains (Wells-Gosling, 1982) suggest that the species also spread naturally. They have now been found approximately 225 km northeast of their pre-1960s range limit (Fig. 3, top) . This is strikingly similar to the recent 200 km northward movement of this species in Ontario (Bowman et al., 2005) .
Abundance and occurrence. In the northern Lower Peninsula, the relative abundance of this uncommon species in forest communities has increased significantly (Table 1a) . The frequency with which members of this species have appeared in collections has also more than doubled, but the change is not statistically significant (Table 2a ). In the Upper Peninsula, southern flying squirrels are now both more common relative to other SFRs (Table 1b ) and found in a higher proportion of collections (Table 2b ) than in the past. They were not encountered in the Huron Mountains in early surveys (Manville, 1947 (Manville, , 1949 Laundre, 1975) , but were discovered there in 1981 (Wells-Gosling, 1982) and are now common (Table 1c ; Poor, 2005 ; unpublished data).
G. sabrinus range. Although never common, northern flying squirrels were broadly distributed across the northern Great Lakes region until the middle of the 20th century. Since then, their range in the Lower Peninsula appears to have contracted northward, but few records are available (Fig. 3, bottom) .
Abundance and occurrence. The abundance and frequency of northern flying squirrels in collections has declined sharply throughout the region (Tables 1  and 2 ).
M. gapperi range. The historical range of southern redbacked voles includes the Upper Peninsula of Michigan and the northern half of the Lower Peninsula (Baker, 1983) . We found no evidence of a shift in this distribution.
Abundance and occurrence. While their geographic range seems unchanged, the abundance of southern red-backed voles in Michigan has declined relative to that of other SFRs. The change is particularly noticeable in the northern Lower Peninsula, where their representation declined from 14.7% of captures before 1981 to 2.2% after (Table 1a) , and the frequency of collections in which they were encountered fell from 57.1% to 11.1% (Table 2a) . Their relative abundance also fell in the Upper Peninsula and in the Huron Mountains (Tables 1b and 1c ), but the frequency of collections including them did not change significantly (Table 2b) . N. insignis range. The historical range of woodland jumping mice includes the Upper Peninsula and the northern third of the Lower Peninsula (Baker, 1983) . We found no evidence of a shift in this distribution.
Abundance and occurrence. The relative abundance of this now-uncommon species has fallen significantly in both peninsulas (Tables 1a and 1b) . While the frequency of Lower Peninsula collections including this species did not change significantly, in the Upper Peninsula collections it declined from 27% to 8% (Table 2) . No significant changes were seen in the Huron Mountains, where sample sizes both before and after 1981 were very small (Table 1c) .
T. striatus range. Eastern chipmunks have been found throughout the state since collecting began in the late 1800s.
Abundance and occurrence. In the northern Lower Peninsula, neither the abundance of eastern chipmunks relative to other SFRs (Table 1a) nor their frequency of appearance in collections (Table 2a) has changed significantly. In the Upper Peninsula, however, eastern chipmunks increased in both analyses (Tables 1b and 2b) . Their relative abundance in collections in the Huron Mountains also increased significantly (Table 1c) .
T. minimus range. In the central United States, least chipmunks reach the southern limit of their distribution in the Upper Peninsula, where they continue to be widely distributed. They have never been found in the Lower Peninsula. (Table 1b) . The frequency of collections including them also fell significantly (Table 2b) .
D. virginiana range. Common opossums have expanded their range dramatically. In Michigan, at the beginning of the 20th century this species was known only from a few specimens from the southernmost part of the state. A road-kill survey conducted by the Michigan Department of Natural Resources in 1968 found opossums to be common north to approximately the 'tension zone' separating the northern Lower Peninsula from southern Michigan (Brocke, 1970) , an expansion of 200 km northwards. By 1990, opossums were established throughout the Lower Peninsula, having extended their range an additional 200 km northwards in 22 years. A survey of road-killed animals carried out in 2006-2008 showed the species to be common throughout the Lower Peninsula and in the southern Upper Peninsula (Fig. 4) .
Southern vs. northern species
Of the nine species examined here, four have become established and/or increased their abundance in the northern Great Lakes region of Michigan, while five appear to have declined. The increasing species -whitefooted mice, southern flying squirrels, eastern chipmunks, and common opossums -are all southern species at or near the northern limit of their distribution. The declining species -woodland deer mice, southern red-backed voles, northern flying squirrels, woodland jumping mice, and least chipmunks -are all northern species at their southern limits.
Overall, the magnitude of these changes is considerable. In the northern Lower Peninsula, where three out of four southern species (including opossums) increased and four out of four northern species declined, the overall relative abundance of southern species among SFRs has risen from 49.0% to 90.7% (Fig. 5,  top) . This increase is due primarily to an increase in the abundance of white-footed mice accompanied by a decrease in the relative contribution of deer mice and southern red-backed voles. In the Upper Peninsula, between 1883 and 1980 just 8.3% of captures of forest rodents were of southern species (Fig. 5, middle) . That percentage almost tripled (24.8%) after 1981. Four of four southern species have increased, and four out of five northern species have declined (deer mice show a small but statistically significant increase). Southern species have become a significant component of northern forest communities where they were rare or absent 25 years ago. Occurrence analyses of localities with at least 10 captures show a similar pattern. In the northern Lower Peninsula before 1981, trapping at 66.7% of these localities (14 out of 21) resulted in the capture of at least one southern SFR species. After 1981, southern SFRs were captured at 100% of localities (99 out of 99). In the Upper Peninsula, 43.8% of localities (39 out of 89) produced southern species before 1981; after that date, southern species were captured at 75.5% (142 out of 188).
For many communities in the Upper Peninsula, these recent numbers probably do not adequately express the magnitude of change. A high proportion of the eastern Upper Peninsula, which in recent years has been more heavily sampled than the central or western Upper Peninsula (Appendix A), is covered by coniferous swamps that are little used by any of the southern species. Also, white-footed mice and southern flying squirrels are recent arrivals to most of the Upper Peninsula , and records from 1981 to 2006 include many samples from areas that these species did not reach until after 2000. Mammal surveys carried out in the Huron Mountains may give a more accurate depiction of the future of many Upper Peninsula forest communities. Here, the same sites were trapped in 1940 -1942 (Manville, 1949 ), 1970 -1971 (Laundre, 1975 (Poor, 2005 . In the last 35 years, white-footed mice and southern flying squirrels, which were absent in 1971, have become common, and eastern chipmunks now dominate communities where once least chipmunks were the most common species. Overall, southern species have risen from 5.6% of captures to 46.5% (Fig. 5, bottom) .
Replacement or addition?
Does the decline in the contribution of northern species to these communities come about because they are being replaced by southern species, or are southern species simply added to these communities, increasing the density of small mammals without cost to the original inhabitants? Because the limitations of museum records require that we base comparisons on the % contribution of each species to the SFR community, we cannot answer this question for most sites. In the Huron Mountains, however, the same seven trapping grids (121 trap stations/grid) were sampled in 1940-1941 by Richard again in 2004-2005 by Allison Poor, though a difference in trapping effort means that actual capture numbers from the two periods are not directly comparable (see 'Materials and methods'). Manville (1947) , however, reported daily trapping success (total number of new captures of all species on each day of trapping) for two grids. On both grids, trapping for three nights produced 71-72% of the five-night total. We used 72% to weight Manville's site totals for all seven grids and compared the adjusted totals to the totals from 2004 to 2005 (Table 3) . The results show no tendency for the total small mammal numbers on these sites to be higher now than in 1940-1941, despite the addition of white-footed mice and southern flying squirrels to the fauna. While small sample sizes make this result very tentative, increasing numbers of southern species in the Huron Mountains do not appear to be associated with an increase in the total number of SFRs present, suggesting that the introduction of southern species may have resulted in the decline in populations of resident northern ones. 
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Climate change
Across all 16 Upper Peninsula sites, average annual minimum daily temperatures increased significantly (slope of average minimum daily temperature for each month regressed on year significantly 40, Fig. 6 , Table 4 ). The mean slope was 0.098, corresponding to an increase in minimum daily temperature of 3.721F (2.1 1C) over the 38 years of the analysis. Average minima increased significantly (Po0.05) at 10 out of 16 sites and marginally significantly (0.05o Po0.1) at one additional site (Table  4) . At no site did it decrease significantly. Average annual maximum daily temperatures also tended to increase, but not as strongly, resulting in significant increases at seven out of 16 sites and a marginally significantly increase at one additional site. Across all sites, the mean slope was 0.02 (not significantly different from 0), corresponding to an increase in maximum daily temperature of 0.761F (0.42 1C, Fig. 6 , Table 4 ). Sites varied considerably, however, in the temperatures and the amount of change they experienced (Table  4) . There is no obvious geographical pattern to this variation. Further, change was not evenly distributed across months. In general, minimum temperatures rose fastest during the winter (December-February), and slowly or not at all during October-November and May (Appendix A Table A1 ).
Discussion
Limitations of collection records
Relative abundance and occurrence analyses both indicate that several species of SFRs whose distributions are centered south of Michigan have increased in range and abundance in northern communities, whereas the representation of the northern members of this assemblage has diminished.
These findings are based on analyzing collection records that extend over 100 years. Collection records provide a unique glimpse of past communities, but clearly they must be used with caution (Williams et al., 2002; Chapman, 2005a, b) . Misidentifications and georeferencing errors are common and not always easy to detect. Perhaps worse, collections may not reflect the actual or relative abundance of species in a community. A brief overview of some important problems regarding collection records is provided below, and a more detailed discussion of these potential sources of error, and strategies used to minimize them, is presented in the Appendix A.
A critical problem is that for older collections, we seldom know how intensively a collector sampled each habitat at a locality. We attempted to mitigate this problem by measuring change in species composition in two ways. First, for each locality we used the total number of SFRs captured as an index of trapping intensity and measured change by calculating abundance of each species relative to the total number of SFRs captured. Relative abundance analyses reveal changes in abundance relative to other species but cannot reveal changes in absolute abundance. They assume that all specimens captured have been recorded. Second, we performed occurrence analyses. These analyses examine only the presence/absence of a species in a collection (we restricted our attention to collections that included at least 10 SFRs). They depend only on collectors reporting at least one individual of every species captured.
Collectors are most likely to record unusual or surprising finds, and we expect both relative abundance and occurrence analyses to be biased in favor of rarer species. If white-footed mice or southern flying squirrels, for example, had been captured in the Upper Peninsula fauna before the late 20th century, they would have been recorded. For this reason, the numbers of invading southern species recorded in collections are expected to be artificially high immediately following their appearance, but later, as northern species become less common, bias in favor of rarer species might be expected to 'tilt' analyses in their direction. An additional problem with interpreting older records concerns sampling and the patchy distributions of habitats, especially with respect to detecting invading species in the Upper Peninsula. Upper Peninsula forests are a complex mosaic of habitats, some highly suitable for invasion by southern species such as white-footed mice, and some less so. It is likely that expanding populations of mice have followed corridors of favorable habitat, which were sometimes sampled by collectors and undoubtedly, sometimes missed. Thus, a species may be present in an area and even locally common for some time before it is discovered. Further, while finding a species at a site is unambiguous evidence of its presence, only repeated, intensive sampling can determine its absence. Few sites have been sampled this intensively. Inadequate sampling is likely to delay discovering range change and thus to overestimating rate of change.
These kinds of errors in general tend to obscure rather than artificially create patterns of change such as those discovered here. While these errors likely affect our estimates of magnitude and rate of change, they do not alter two basic conclusions. First, substantial shifts in SFR communities are taking place. White-footed mice, southern flying squirrels, and common opossums are now common or abundant in areas where they were unknown 30 or 40 years ago. Second, changes have consistently favored southern species, and the balance in many northern communities has shifted from a predominance of northern species to a predominance of southern ones.
Timing and speed of change
Changes in the distributions of white-footed mice, southern flying squirrels, and common opossums have happened very rapidly, even allowing for the possibility that inadequate sampling delayed detection. Whitefooted mice, for example, now make up a significant fraction of small mammal populations across much of the Upper Peninsula, in areas where 20-30 years ago they were unknown. They were absent from the Huron Mountains, for example, when intensive sampling was carried out there in 1970-1971, yet by 2004-2005 they comprised 35% of the SFR fauna. Collection records suggest that this species expanded its range 225 km northeastward across the Upper Peninsula in 15 years, an astonishing rate (15 km yr À1 ) for a mouse that weighs o30 g and has an average dispersal distance of a few hundred meters (Burt, 1940; Maier, 2002 , however, reported recapturing one individual 14.7 km from the place it was originally marked). Similarly, southern flying squirrels have spread rapidly across the northern Great Lakes region, a finding also reported by Bowman et al. (2005) .
Range expansion by common opossums began earlier than that by white-footed mice or southern flying squirrels and has extended further. Opossums make extensive use of human-modified environments (Frey, 2003) , and they have likely benefited from human population growth in the region. Both trapping records and the location of highway fatalities demonstrate, however, that members of this species now occupy forests throughout the northern Lower Peninsula, sometimes far from human habitation.
The distribution maps include a few apparently anomalous records of captures of southern species in northern Michigan well before those species became common in that region. These include two early reports (Ozoga & Verme, 1966; Baker, 1983) of individual whitefooted mice in the Upper Peninsula (1951, 1978) , three southern flying squirrels captured at one site in the northern Lower Peninsula (1923) , and an opossum specimen from the western Upper Peninsula (1962). These records suggest the possibility that the apparent range increase of these species may actually represent the rapid recent expansion of pre-existing, but rare and seldom detected, populations. An alternative explanation for the anomalous records is transport by humans. White-footed mice in particular often inhabit human homes and storage areas, and the early records of this species were of individuals captured near towns along major travel routes. The early Upper Peninsula record of an opossum is harder to explain; as far as we can determine, opossums do not currently occur in northern Wisconsin or in the northwestern Upper Peninsula of Michigan. Frey (2003) has suggested that opossums also may occasionally become established through accidental transport by humans.
Causes of change
The immediate causes of changes in the populations of each species considered here are likely to be unique to that species. Many ecological factors may be in play. We believe, however, that the large scale of the changes reported, their consistency across the region, and the repeated pattern of expanding populations of southern at the expense of northern species, suggest that a single factor underlies the process of change now taking place in the northern Great Lakes region. We recognize three large-scale trends that encompass the entire region and that might be expected to influence the composition of the small mammal fauna: (1) regeneration of forests following the logging and fires of the late 1800s and early 1900s, (2) changes in the human population, and (3) climatic warming.
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The forests of the entire northern Great Lakes region were almost completely destroyed by logging and subsequent fire in the late 1800s and early 1900s. Fire control and regulation of logging have since resulted in extensive forest regeneration, with substantial increases both in the area covered by forests and forest maturity (Dickman & Leefers, 2003) . The return of forest conditions may have contributed to these faunal changes, but it is not by itself an adequate explanation of them. The forests of this region continue to be harvested, and the landscape is a patchwork of forest stands of different successional stages. The newly dominating southern species of mammals are by no means restricted to mature ecotypes, and in fact white-footed mice are common residents of recently harvested or burned forests in other parts of their range (e.g. Greenberg et al., 2006) . Further, the changes we report here hold true for an extensive area of never-harvested forest in the Huron Mountains. There, forest structure and composition have changed minimally over the last 100 years, yet white-footed mice, southern flying squirrels, and eastern chipmunks are now common (Poor, 2005) .
Similarly, increases in the human population and accompanying changes in land-use patterns may contribute to changes in the mammal fauna but clearly do not provide a full explanation of the faunal change we document. First, change is not restricted to disturbed habitats. The affected small mammal communities inhabit a broad spectrum of forest types, from fencerows and small woodlots around farms and in suburban areas to extensive tracts of primary forest. Second, comparable faunal changes have taken place in both the northern Lower Peninsula and the Upper Peninsula, areas with human populations of very different characteristics. In the northern Lower Peninsula, the number of human residents has increased by 127% since 1950 and by almost 40% since 1980. In 2005, the population density was estimated to be 46.9 persons mi À2 . In US Census Bureau, 2007) . Despite these differences, both regions have experienced very similar changes in their small mammal communities. Instead, several observations point to climatic warming as the primary cause underlying these faunal changes. The first is the consistent pattern of appearance and increasing domination by species whose distributions are centred to the south, in areas with milder climates, accompanied by the decline of their northern counterparts (Tables 1 and 2, Fig. 5 ). The pattern of growing importance of southern species and declining northern ones is similar across the Upper and northern Lower Peninsulas. The only exception appears to be a small increase in the relative contribution of woodland deer mice in the Upper Peninsula.
Additionally, research on several of these species has suggested that environmental temperatures may affect their populations and/or distributions. The northward expansion of the common opossum has been linked directly to climatic warming (Brocke, 1970; Gardner & Sunquist, 2003; Kanda, 2005) . Climatic warming, and in particular the earlier arrival of spring in recent years, may be responsible for the replacement of woodland deer mice by white-footed mice in the northern Lower Peninsula (Myers et al., 2005) , and variation in weather from year to year may allow the two species to coexist in Appalachian communities (Wolff, 1996) . Winter temperatures may limit the distribution of southern flying squirrels (Weigl, 1978; Bowman et al., 2005) , and warmer winters may allow the persistence of a nematode parasite that is fatal to northern flying squirrels but harmless to the southern species (Pauli et al., 2004) .
Finally, climate in this region has warmed appreciably over the last 30-40 years. Evidence for this includes earlier ice break-up dates for Grand Traverse Bay (northern Lower Peninsula, Lake Michigan; Assel & Robertson, 1995; Magnuson et al., 2000; Myers et al., 2005) , warming surface temperatures in Lake Superior (Austin & Colman, 2007) , increasing mean annual temperature in the Great Lakes region (summarized by Field et al., 2007, Fig. 14.1) , and the measurements summarized above.
The geographic and temporal pattern of warming, however, is complex. In the Upper Peninsula, where change has been most noticeable, regressions of average minimum daily temperatures on year (Table 4) reveal substantial differences in the rate of change among sites, even over very short distances; slope varies from slightly negative to 0.195, corresponding to changes in average minimum temperature from 01F to 7.41F. We detect no obvious geographic pattern to this variation; differences in temperatures and their pattern of increase over time are probably due to differences in exposure, wind, presence of water, vegetative cover, etc. of measurement sites. Measurements of both temperature and the composition of SFR assemblages would need to be made on a very local scale in order to apply, for example, predictive distribution modelling techniques to test the importance of temperature in determining community structure. Unfortunately, because we seldom have collections of SFRs from the sites of temperature measurements, the records available to us are not adequate to support asking whether warmer sites were the first to develop populations of southern species.
Consequences of change
Members of the genera Peromyscus, Myodes, Tamias, and Glaucomys dominate small mammal communities in northern Michigan. The ecological implications of changes in their populations are unknown but potentially enormous because the species involved are so common. They include important predators of seeds, bird eggs, and insects (including the highly injurious gypsy moth), dispersers of seeds and mycorrhizal fungi, and prey for many species of carnivorous animals (e.g. Ostfeld et al., 1996) . Deer mice are the primary reservoir for the strain of hantavirus that causes acute pulmonary syndrome (Dragoo et al., 2006) , and whitefooted mice are a primary reservoir of Lyme disease throughout the eastern United States (e.g. Lane et al., 1991) . At present, we know too little about the natural history of species in the northern Great Lakes and about the dynamics of the communities in which they live to predict the long-term effects of these fundamental changes in the mammal fauna. Whatever their future consequences, however, they suggest that warminginduced biotic change is already well underway across a broad region of North America.
coordinates. Missing coordinate uncertainties were calculated using the MaNIS Georeferencing calculator (http:// www.manisnet.org/gci2.html; see also Chapman & Wieczorek, 2006) . In some instances, we were able to refine coordinates and/or reduce uncertainty significantly by using field notes, papers published by collectors, and in the case of recent collections, first-hand knowledge of the sites where collections were made.
For SFR species, collection records are available from 977 identifiable localities in Michigan north of 441N latitude (records whose coordinate uncertainty overlapped the 44th parallel were eliminated). Of these, 936 (95.8%) had uncertainties o20 km. The maximum uncertainty for any locality was for two records that could be restricted only to the Upper Peninsula. Because analyses of community composition involved combining records of specimens captured over large geographic areas (Lower Peninsula, Upper Peninsula, Huron Mountains), placement of any locality at any point within even the largest area of uncertainty did not change its geographic area. Thus, we were able to include specimens from all 977 localities.
For documentation of range change, we examined all localities with estimated uncertainty 420 km to determine if the area of uncertainty overlapped the edge of the known distribution when the collection was made. This was never the case; most records suggesting range extensions were from our own (post-1980) surveys, and the estimated errors associated with their localities are small.
3. Collector bias -properly identified and georeferenced collections might still provide a misleading picture of community composition: Collecting is usually done for a particular purpose. Collectors sometimes have the goal of determining species composition and abundance in a community, and they record everything they capture. Collectors are often, however, looking for particular species or sampling particular habitats. They may or may not take exemplars of other species or record them in their notes. If specimens are taken, their numbers are likely to be biased in favor of the species under study. Collectors are also likely to keep or report specimens that surprise them because they represent rare or unexpected finds, while perhaps under-representing or ignoring common species. They sometimes take only 'vouchers,' specimens placed in collections to document the presence and identification of a particular species at a locality. Collection of vouchers is seldom done in the context of community composition. Further, collections may be biased geographically. Areas that are easily accessible or particularly attractive may be over-represented, while remote or, at the opposite extreme, heavily urban areas are often less frequently collected.
It is possible to address some or all of these problems, but the methods and effectiveness of doing so depend on the sources of data and the goals of a study. Here, we are fortunate in several respects. Almost all collections after 1980 were made by us or by our students, and they include a full list of animals captured. Further, the majority of earlier records were accumulated from the first half of the 20th century, when the goal of many collectors was explicitly to document the total fauna of the areas collected (e.g. Wenzel, 1911; Dice & Sherman, 1922; Hatt, 1923; Dice, 1925; Green, 1925; Blair, 1941;  Fig. A1 ).
By restricting our study to a subset of species (SFRs) that are often found together and are likely to be captured using trapping methods widely employed by collectors, we minimize both the tendency of collectors to favor certain habitats and biases introduced by evolving collection methods.
Because collecting effort is seldom documented for early collections, differences among collections might simply represent the intensity of the collecting effort. We therefore compared SFR assemblages in two ways. First, we examined the abundance of each species relative to other SFR species in the collection. Relative abundance analyses, however, rely on collectors reporting all individuals of each species. This assumption is met by post-1980 collections but perhaps not by some earlier ones, Consequently, we further compared the results of relative abundance analyses to 'occurrence analyses' that require only that collectors report the presence of each species captured (see 'Materials and methods' and 'Discussion,'). The general agreement between relative abundance and occurrence analyses suggests that their collections give us a reasonable and consistent picture of SFR assemblages at the time the collections were made.
Bias might also result from changes in the geographic pattern of collecting. If early collecting had concentrated in one area and late collecting in another, differences in the SFR assemblages found would not be surprising. Both the Upper and Lower Peninsulas, however, were widely collected during both time periods (Fig. A2 ) and consequently, geographic bias favoring one region or another is unlikely to be significant. Further, over 230 collectors contributed to the records comprising our database. The bias of an individual collector for a particular place or species is unlikely to have a large effect.
Finally, for mammals, the susceptibility to capture varies widely among species. Estimates of the relative abundance of a species obtained from trapping records may be strongly affected by its propensity to enter traps as well as by its actual representation in the community. Here, however, we focus on change over time. We cannot be certain that, for example, the abundance of white-footed mice in collections (38% of the SFRs captured before 1980) means that they made up precisely 38% of the actual SFR community. The fact, however, that after 1981 their relative abundance increased to 78% demonstrates that their representation in the SFR community has increased dramatically (Table 1) . Po0.05; **, Po0.01; ***, Po0.001; ****, Po0.0001.
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